Heavy quarks are copiously produced in two-photon collisions at e + e − colliders. The theoretical predictions including QCD radiative corrections are compared to recent experimental data on γγ production of charm quarks at PETRA, PEP, TRISTAN and LEP. Photoproduction of heavy quarks at HERA is an important tool to measure the gluon distribution in the proton. New theoretical results on heavy quark photoproduction at large transverse momenta are discussed and NLO predictions for inelastic J/ψ photoproduction in the HERA energy range are given. The sensitivity of the results to the parametrization of the gluon distribution in the small-x region is demonstrated.
I. Introduction
The study of heavy flavour production is one of the important areas of research at present and future high-energy colliders. Many features of the production mechanism for heavy quarks are calculable in perturbative QCD. The mass of the heavy quark, m ≫ Λ QCD , acts as a cutoff and sets the scale for the perturbative calculations. The production cross section factorizes into a partonic hard scattering cross section multiplied by light quark and gluon parton densities [1] . In order for this approach to be valid the mass of the produced quarks must be sufficiently large for two reasons. First, contributions to the cross section are neglected that are suppressed by powers of Λ QCD /m. After neglecting such power suppressed contributions in order to arrive at a factorized form, one expands the hard scattering cross section in powers of the strong coupling constant α s (m), evaluated at a scale set approximately by the heavy quark mass. It is thus not guaranteed a priori that charm and bottom quark production can reliably be predicted in perturbative QCD. Highertwist uncertainties of order (Λ QCD /m c ) ∼ 20 − 30% have to be taken into account. Moreover, the convergence of the perturbative expansion might be poor due to the large value of the strong coupling constant at the charm mass scale, α s (m c ) ∼ 0.3. The situation is much better for bottom production, although even there the theoretical uncertainties can be large. The main questions therefore are whether perturbative QCD calculations are trustworthy already for charm and bottom quark production and whether the dynamics of these processes can reliably be described without including non-perturbative effects. The simplest process to study the validity of the perturbative approach is heavy quark production in two-photon collisions. The predictions for the dominant direct production channel do not depend on quark and gluon distributions in the photon so that they are free of phenomenological parameters. They depend only on the heavy quark mass and the QCD coupling.
II. Heavy-Quark Production in Two-Photon Collisions
Three mechanisms contribute to the production of heavy quarks in γγ collisions: (i) In the case of direct production, the photons couple directly to the heavy quarks. No spectator particles travel along the γ axes. (ii) If one of the photons first splits into a flux of light quarks and gluons [2] , one of the gluons may fuse with the second photon to form the QQ pair. The remaining light quarks and gluons build up a spectator jet in the split γ direction (single resolved γ contribution). The total γγ cross section of this mechanism depends on the parton density of the photon [3] . Since the number of gluons in the resolved photon grows ∼ αα −1 s , the resolved γ processes are of the same order as the direct process. (iii) If both photons split into quarks and gluons, the QQ pair is accompanied by two spectator jets (double resolved γ contribution). It turns out a posteriori that the double resolved γ contribution is much smaller than the direct and the single resolved γ contributions.
Two-photon production of heavy quarks can be studied at high-energy e + e − colliders where a large number of equivalent photons is generated. 1 Total cross sections and various distributions for charm and bottom quark production e + e − → e + e − c/bX have been calculated in Refs. [5, 6] including QCD radiative corrections for the leading subprocesses. The main results of that analysis can be summarized as follows: At low energies in the PETRA/PEP/TRISTAN range, the direct production mechanism by far dominates the total cross section. At LEP2 ∼ 180 GeV, the direct contribution and the 1-resolved γ contribution are of equal size. While the cross sections for charmed particle production are large, giving a total of ∼ 350,000 events for an integrated luminosity of L = 500 pb −1 at LEP2, b quark production is suppressed by more than two orders of magnitude. The QCD corrections are important, increasing the cross sections by ∼ 30%. At the e + e − energies reached up to now the theoretical expectations do not depend much on the parametrization for the quark and gluon densities of the photon. At higher energies the resolved processes are predicted to overtake the direct contribution. A measurement of the gluon content of the photon, which is currently poorly known, might thus be feasible at LEP2.
In Fig. 1 the leading-order and next-to-leading-order calculations for two-photon production of D * mesons are compared with experimental data from recent measurements [7] . The predictions Figure 1 : Total cross section for e + e − → e + e − D * ± X as function of the e + e − collider energy. Shown is the NLO prediction for µ = m c = 1.3 GeV (upper short-dashed curve), µ = 2 m c ; m c = 1.8 GeV (lower short-dashed curve), µ = √ 2 m c ; m c = 1.5 GeV (solid curve) and the prediction for the direct process in leading-order, µ = √ 2 m c ; m c = 1.5 GeV, (long-dashed curve). The results are compared to the recent experimental data [7] . The TPC/2γ and TASSO results have been adjusted according to the latest values for the D * + and D 0 branching ratios. of the cross sections appear to be theoretically firm. A variation of the charm quark mass m and the renormalization/factorization scale µ in the range 1.3 GeV < µ < 2m c and 1.3 GeV < m c < 1.8 GeV leads to a total theoretical uncertainty of ± 30 % at LEP energies. Even though the statistical and systematic errors are large, the measured charm cross sections appear to overshoot the values estimated at the Born level in the direct channel consistently. Adding however the resolved contributions and the QCD radiative corrections, the agreement with the recent D * data from PETRA, PEP, TRISTAN and LEP [7] is quite satisfactory. The TOPAZ collaboration reports an excess of D * data at high transverse momenta which still has to be understood. The VENUS, TOPAZ and AMY collaborations have measured open charm production by tagging leptons from the semi-leptonic charm quark decays [7] . Their results are consistent with the theoretical expectation but seem to favour a rather low charm quark mass and a strong contribution from the resolved process.
III. Heavy-Quark Production in Photon-Proton Collisions
The production of heavy quarks in photon-proton collisions has been studied extensively in fixed target experiments. Total cross sections, single-inclusive distributions as well as heavy-quark correlations have been calculated to next-to-leading-order accuracy [8] . All recent total-cross-section data on photoproduction of charm quarks are in reasonable agreement with the NLO QCD predictions, once the theoretical uncertainties are properly taken into account. Supplementing the NLO predictions with a simple parametrization of the most important non-perturbative effects, such as heavy flavoured hadron formation and a moderate intrinsic transverse momentum of the initial state partons, is sufficient to reproduce the experimental data on single-and double-differential distributions [9] . 2 The ep collider HERA will provide us with information on the dynamics of heavy flavour production in a kinematical range very different from that available at fixed target experiments. Among the topics to be studied at HERA are photoproduction of charm and bottom quarks in both direct and resolved-photon processes as well as heavy flavour production in deep-inelastic scattering [10] . Bottom production is a particular interesting subject to be studied at HERA since the larger value of the bottom quark mass makes QCD predictions more reliable. First HERA results on the total charm photoproduction cross section have been published recently [11] and found to be well described by the NLO QCD predictions. The theoretical calculations for the total cross section are based on the standard factorization formula [1] where the heavy quark mass m ≫ Λ QCD is considered as the large scale. In next-to-leading order potentially large terms ∼ α s ln(p ⊥ /m) arise from collinear emission of gluons by a heavy quark at large transverse momentum or from almost collinear branching of gluons or photons into heavy quark pairs. These terms are not expected to affect the total production rates, but they might spoil the convergence of the perturbation series at p ⊥ ≫ m. An alternative way of making predictions at large p ⊥ is to treat the heavy quarks as massless partons. The mass singularities of the form ln(p ⊥ /m) are then absorbed into structure and fragmentation functions in the same way as for the light u, d, s quarks. This approach has been used in Ref. [12] to study the production of large p ⊥ hadrons containing bottom quarks in pp collisions. Of course, in the massless scheme the heavy quark is considered to be one of the massless active flavours in the proton and, for the resolved contribution, of the photon structure function. In Ref. [13] the differential distributions for charm quark production at HERA have been calculated in the massive and the massless approaches up to NLO accuracy. 3 The cross section in the massless scheme is approximately 70 − 100% larger than in the massive scheme. This difference can be attributed to the contribution of the charm quark in the photon (for a more detailed discussion and comparison between massive and massless schemes see Ref. [13] ). A measurement of heavy quark production at large p ⊥ at HERA will provide information about the heavy flavour content of the proton and in particular the photon. Such measurements will be very instructive since theoretical opinions on that issue are rather divided [15] .
The measurement of the gluon distribution in the nucleon is one of the important goals of leptonnucleon scattering experiments. The classical methods exploit the evolution of the nucleon structure functions with the momentum transfer and the size of the longitudinal structure function. At HERA energies, however, the production of heavy quark states becomes an important complementary tool. Besides open charm and bottom production, the formation of J/ψ bound states in inelastic photoproduction experiments provides an experimentally attractive method since J/ψ particles are easy to tag in the leptonic decay modes. Inelastic J/ψ photoproduction through photon-gluon fusion is described in the colour-singlet model through the subprocess γ + g → J/ψ + g [16] . Colour conservation and the Landau-Yang theorem require the emission of a gluon in the final state. The cross section is generally calculated in the static approximation in which the motion of the charm quarks in the bound state is neglected. In this approximation the production amplitude factorizes into the short distance amplitude γ + g → cc+ g, with cc in the colour-singlet state and zero relative velocity of the quarks, and the cc wave function ϕ(0) of the J/ψ bound state at the origin which is related to the leptonic width. Relativistic corrections due to the motion of the charm quarks in the J/ψ bound state have been demonstrated to be small in the inelastic region [17] . The calculation of the higher-order perturbative QCD corrections has been performed recently [5, 18, 19] . Inclusion of the NLO corrections reduces the scale dependence of the theoretical prediction considerably and increases the cross section in the energy range of the fixed target experiments, E γ ∼ 100 GeV, by more than 50%. A comparison of the next-to-leading order calculation with data from the two fixed-target photoproduction experiments [20] reveals that the J/ψ energy dependence dσ/dz (z is the scaled J/ψ energy, z = E J/ψ /E γ ) is adequately accounted for by the colour-singlet model in the inelastic region z < 0.9. Thus the shape of the gluon distribution in the nucleon can be extracted from J/ψ photoproduction data with confidence. Similar to the case of open heavy flavour production, the absolute normalization of the cross section shows a strong dependence on the value of the charm quark mass. In the static approximation the choice m c = M J/ψ /2 is required for a consistent description of the heavy bound state formation. However, a smaller mass value might be appropriate for a reasonable description of the charm quark creation in the hard scattering process. Taking m c = 1.4 GeV and allowing for higher-twist uncertainties of order (Λ/m c ) k ∼ < 30% for k ≥ 1, one can conclude that the normalization too appears to be under semi-quantitative control [19] .
In Fig.2 the NLO prediction of the cross section is presented for the HERA energy range. Since Figure 2 : Total cross section for inelastic J/ψ photoproduction γ + P → J/ψ + X as a function of the photon-proton center of mass energy in the HERA energy range for different parametrizations of the gluon distribution of the proton [21] . the momentum fraction of the partons at HERA energies is small, the cross section is sensitive to the parametrization of the gluon distribution in the small-x region < ξ >∼ 0.001. As the absolute normalization of the cross section is rather sensitive to the value of α s and the charm quark mass, the discrimination between different parametrizations of the gluon density in the proton has to rely on the shape of the cross section (as a function of the photon-proton center of mass energy) rather than the absolute size of the prediction. First results on inelastic J/ψ photoproduction at HERA have been presented at this conference [22] . It seems that the theoretical expectation, Fig. 2 , underestimates the absolute normalization of the data. With the present statistics, however, no firm conclusion can be drawn.
The cross sections for the inelastic photoproduction of ψ ′ particles are expected to be 1/4 of the corresponding J/ψ cross sections. The production of Υ bottonium bound states is suppressed, compared with J/ψ states, by a factor of about 300 at HERA, a consequence of the smaller bottom electric charge and the phase space reduction by the large b mass. The P -wave charmonium states χ c1 and χ c2 can be detected in the radiative decay modes χ → J/ψ + γ at HERA [23] . The predictions for the HERA energy range provide a crucial test for the underlying picture as developed so far in the perturbative QCD sector.
